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ABSTRACT 
INVESTIGATION OF ELECTRICAL-ASSISTED FORMING AT THE MICROSCALE 
by 
Michael S. Siopis 
University of New Hampshire, September, 2009 
The goal of this research was to investigate the viability of the Electrical-Assisted 
Forming (EAF) process at the microscale and the effects associated with grain size 
specimen size, cold work and timing of applied current. This research provided further 
knowledge related to flow stress reductions due to the applied current and the extent that 
the EAF process improves formability. The flow stress reduction effect increased with 
decreasing grain size and was more significant for cold worked specimens. Also, when 
the current is applied at a certain strain value during testing compared to the beginning of 
the process, less of a flow stress reduction effect was observed. With miniaturization data 
scatter increases and it was also observed that the EAF process may reduce data scatter: 




The trend towards miniaturization is continually growing. It has affected many 
industries including biomedical, wireless telecommunications, and specialized 
applications such as energy harvesting and autofocus systems. Over 8 billion Micro-
Electrical Mechanical Systems (MEMS) devices a year are estimated to be shipped by 
2012 at $15.5 billion in sales with nearly half of that in the consumer market [1]. MEMS 
equipment sales are projected to have a 17% average annual growth over the next five 
years [1] and thus the need for improved manufacturing processes to reduce costs and 
cycle times as well as improve the quality and accuracy of the finished parts exits. 
Microscale parts can be characterized by having two or more features/dimensions 
in the micron range [2] or by having fewer than 10 grains through the feature dimension 
[3]. Multiple techniques are used to fabricate microstructures [4]. One of the typical 
processes used involves photolithography on a silicon substrate. However, there are some 
limitations due to its 2V2D structure, low potential aspect ratio (i.e. ratio of feature height 
to width), and limitations of the working material. Other processes include deep X-ray 
lithography using synchrotron radiation beam, which is also known as the LIGA process, 
and the focused-ion beam machining process which can produce 3D sub-micron features 
with very high accuracy. However, these processes require very expensive and special 
facilities, and the maximum achievable thickness when using photolithography is 
1 
relatively small, approximately ten microns. Also, the process is performed only on 
planar surfaces [4-6]. 
When using conventional machining techniques on the microscale, which has the 
advantage of forming 3D parts, material utilization is inefficient and environmental 
concerns exist in the case of chemical machining. Although the accuracy of micro 
machining is excellent, there are undesirable costs associated with tool wear and the time 
lost while tools are being replaced. As at the macroscale, microscale forming is a low 
cost process with fast cycle rates and high material utilization with the ability to produce 
on the order of 200 parts per minute in some cases. Examples of microfabricated parts are 
shown in Fig. 1.1. 
-. ..." t •' 
Figure 1.1: Examples of Microfabricated parts [7]. 
There are challenges when implementing processes at the microscale because 
macroscale processes can not simply be scaled down due to size effects. Size effects 
2 
occur as the grain size approaches the feature size, which results in varied material 
responses including reduced yield strength/flow stress, reduced repeatability/accuracy, 
increased friction and shape anomalies [8-11]. Figure 1.2 shows an example of a shape 
anomaly where non-uniform material flow occurred due to size effects. As a result of size 
effects, care must be taken when modeling the forming process at the microscale [12, 13]. 
wall thickness| 
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Figure 1.2: Anomaly in the Part Shape of a Backwards-Can Extruded Part [14]. 
The cause of these size effects are the significant anisotropy of the mechanical 
properties of the grains and the variation in orientation of the individual grains, which 
leads to inconsistent forming properties [8]. Thus, the material response becomes very 
dependent on individual grains. At the microscale there are also grain size to feature size 
limitations which prevent features to be created as the grain size approaches the feature 
size (see Fig. 1.3). Furthermore, with miniaturization, surface effects occur as the surface 
grain to body grain ratio increases (see Fig. 1.4). Surface grains have fewer restrictions 
which lead to decreases in the process forces. 
3 
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Figure 1.3: Grain Size to Feature Size Limitations During Microforming [15]. 
One approach to avoid these effects is reducing the grain size of the material. It 
has been shown that with more grains through the feature size these effects are reduced 
[2]. Therefore, by reducing grain size, more uniform products with improved mechanical 
properties are produced. Processes that reduce grain size will be discussed in Chapter III. 
Material forming at all size scales is a vital process for several industries and has 
significant potential at the microscale. There is a need for more advanced forming 
techniques to improve formability, quality, and repeatability while lowering costs. Due to 
the small component sizes, alternative forming processes show potential at the microscale 
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that are otherwise considered too energy intensive at the macroscale. Examples include 
Electrical-Assisted Forming (EAF) which will be discussed in Chapter II and Electro-
Magnetic Forming (EMF). A thorough knowledge of the deformation mechanics and 
alternative processes available is critical for design engineers; therefore, it is desirable to 
enhance the understanding of these processes at the microscale. 
In this thesis, the viability of the EAF process at the microscale and the effects 
associated with grain size, specimen size, cold work, and timing of applied current are 
investigated. In Chapter II, details related to the EAF process setup and results are 
provided. In Chapter III, an Equal Channel Angular Extrusion (ECAE) process is 
discussed which was used to reduce grain sizes and increase cold work. Finally, in 
Chapter IV, the effects of the EAF process on as-received, annealed specimens and ones 
from the ECAE process with comparable grain sizes but increased cold work are 
presented. The results generated in this research provides a better fundamental 
understanding of the physical mechanisms involved during EAF and will potentially 




THE EFFECT OF GRAIN SIZE AND CURRENT DENSITY DURING ELECTRICAL-
ASSISTED FORMING 
Background 
Manufacturing processes that improve part formability and reduce energy costs 
are continually being investigated. One alternative involves forming at elevated 
temperatures which results in reduced flow stresses, required machine capacities and 
overall costs while allowing larger deformation strains without fracturing. These 
improved formability effects occur due to the activation of additional slip systems in the 
lattice structure of the material at elevated temperatures. However, there are some 
undesired consequences associated with this process, e.g. poor surface finish, reduced 
tool life, low repeatability, and reduced effectiveness of lubricants. 
Electrical-Assisted Forming (EAF) is another alternative process which involves 
passing a high electric current density through the workpiece during the forming process. 
Some of the earliest research concluded that the application of an electrical current during 
the process reduces the stress required to initiate plastic deformation in metals [17]. 
Subsequent research also showed that an electric current not only accelerates the 
recrystallization rate of pure copper and retards the subsequent rate of grain growth but 
retards phase transformations in metals as well [18]. Therefore, the use of an electrical 
current offers potential for improving the formability of a material without the undesired 
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changes in the microstructure as occurs when forming at elevated temperatures, 
especially for nanocrystalline structures. 
Perkins et. al. [19] investigated the effects of the EAF process during compression 
for various materials (e.g. Aluminum alloys, Steel alloys, Ti-6A1-4V, CI 10, etc.) and 
showed that the addition of electrical energy reduces the yield and flow stresses in a part 
and allows larger strains to be achieved before fracturing. The elastic recovery was also 
shown to be reduced which provides the potential for enhanced final part quality and 
accuracy (i.e. springback for CI 10 was reduced by 85%.). Andrawes et. al. [20] also 
investigated the effect of the process for AlMglSiCu during tensile deformation and 
concluded that the electrical flow decreased the yield (i.e. -13%), and fracture strengths 
of the material as well as the toughness (i.e. 75%) and ductility (i.e. 37%). In addition, the 
application of current was shown to produce changes in the mechanical behavior of the 
aluminum similar to those that occur when the material is annealed, but further reduced 
the energy required for deformation beyond that expected from annealing. 
Perkins et. al. [19] and Andrawes et. al. [20] also proved that the effects of the 
EAF process significantly exceed that which can be explained by resistive heating. Roth 
et. al. [21] showed that temperature increases during the EAF process, due in part to 
resistive heating, did not induce grain growth for A15754 where at elevated temperatures 
significant grain growth and microstructural changes are common. Thus, the EAF process 
has the desirable effect of increasing the formability and decreasing elastic recovery of 
materials without the negative effects associated with forming at elevated temperatures 
i.e. grain growth, microstructural changes, and significant changes in the mechanical 
properties. 
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Although the physical mechanisms that improve formability during the EAF 
process are not fully understood, the effect of the current is more significant for materials 
with more dislocation barriers [22]. Dislocations are generated during plastic deformation 
due to the applied stress and interaction with impurity particles [23]. During deformation, 
dislocations move through the lattice structure until their motion is impeded by grain 
boundaries, impurity atoms and/or other dislocations [23]. The dislocation density 
increases with cold work thereby increasing the strength of the material. When an 
electrical current is applied, a higher dislocation density results in more significant 
reductions in flow stress [22]. This is in agreement with a proposed theory that the 
current increases the energy in the lattice and acts as an external force on the dislocations 
which aids their motion [19]. Also, the electrical current may influence the generation 
and arrangement of dislocations [24]. Thus, the applied forces necessary to move 
dislocations, allow them to overcome obstacles, and perhaps pass through second phase 
particles is lower. 
In this chapter, the effect of the grain and specimen sizes on the EAF process are 
presented to provide further understanding of the effect of grain boundaries and current 
density [25, 26]. With miniaturization an increase in data scatter is experienced and the 
effect of the EAF process on data scatter is also investigated to provide insight on the 
viability of the process at the microscale. Axi-symmetric compression experiments with 
varying specimen sizes, grain sizes and current densities were conducted. Commercially 
pure Copper 101 was used to minimize the effect of impurities on the process. The 
results show that with increasing grain size the effect of the current is reduced and the 
current density required to provide significant flow stress reduction becomes larger with 
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increasing grain size. The flow stress reduction effect was observed to increase with 
increasing strain. The specimen size did not have an effect, as similar reductions in flow 
stress were observed for different size specimens having the same number of grains 
through the cross-section. Also, with increasing current density data scatter potentially 
decreased for the coarse grain case which suggests that the EAF process may provide 
benefits at the microscale. Lastly, the evidence regarding microstructural changes 
occurring during the EAF process was determined to be inconclusive. 
Experimental Setup 
Axi-symmetric compression experiments were conducted on commercially pure 
copper (C101) specimens with an approximate aspect ratio (i.e. length/diameter) of 1.5. 
The specimens had diameters of 2mm ± 0.01mm, 1mm ± 0.01mm, and 0.5mm ± 
0.01mm, and lengths of 3.06mm ± 0.07mm, 1.55mm ± 0.13mm, and 0.77mm ± 0.09mm. 
The specimens were heat treated to intentionally vary the grain size of the material 
allowing the effect of current density on grains through the diameter to be assessed. 
Specimens with coarse, medium and fine grain sizes, corresponding to approximately 3-
4, 11-15, and 45-54 grains through the diameter respectively, were obtained. These grain 
sizes were targeted as Hansen [3] classifies specimens as microscale when fewer than 10 
grains are present through the feature. Thus, micro-, meso- and macroscale specimens 
were evaluated. The average grain sizes were determined using ASTM El 12 standard 
procedures [27] and the grain size information is provided in Table 2.1. The standard 
deviation of the specimens is larger for the 0.5mm specimens, which is possibly due to 
surface energy effects during the heat treatment process. Also, coarse grain sizes for the 
9 
2mm specimens were not achieved and therefore only the 1mm and 0.5mm specimen 
coarse grain results will be compared. 
























































The compression experiments were performed using a Scanning Electron 
Microscope (SEM) loading stage (see Fig. 2.1) and the electrical current was supplied by 
a Llamda 6V, 200A power supply. The current output was verified using two methods (1) 
an amp meter in series and (2) the measured voltage drop across a shunt resistor. The 
electricity entered the bottom platen, passed through the specimen and exited the top 
platen. The platens are separated from the mounts by electrical grade fiberglass to 
electrically insulate the SEM loading stage (see Fig. 2.1). Nylon bolts were used to hold 
the platens, fiberglass, and mounts together to further electrically insulate the loading 
stage. See Appendix A for engineering drawings of tooling. The applied current density 
during the axi-symmetric compression experiments was varied from OA/mm to 
250A/mm2 for the 1mm and 0.5mm specimens. Due to limitations in the power supply, 
the current density for the 2mm specimens was varied from OA/mm to 60A/mm . 
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Figure 2.1: EAF Experimental Setup. 
A Vishay Micro-Measurements Linear Displacement Sensor HS25 was used to 
measure the displacement in the process. The force was measured using Sensotec load 
cells with maximum capacities of 4448 N (1000 lb) for the 2mm specimens and 2224 N 
(500 lb) for the 1mm and 0.5mm specimens. The load cells resolution is ±0.2%FS 
correlating to approximately ±8.8964N (21b) and ±4.448N (lib) for the 10001b and 5001b 
load cells respectively. Thus, for the 2mm specimens the resolution was approximately 
4.389kPa and for the 1mm and 0.5mm specimens the resolution was approximately 
8.778kPa and 35.114kPa respectively, based on the initial specimen diameters. As a 
result of increasing cross-sectional area during deformation, the stress resolution values 
decrease with increasing strain. Temperature was measured using an Optris CTIR sensor 
with a focal diameter of 0.9mm and validated using a thermocouple. 
The compliance of the system was determined by performing multiple 
compression tests without a specimen included and was used to correct the displacement 
11 
(i.e. strain) data with respect to their corresponding force values. Figure 2.2 shows an 
example of a 2mm fine grain specimen with no applied current density and the corrected 
force-displacement data as well as the compliance data. Five tests were conducted for 
each diameter and heat treatment case and average plots were created with error bars that 
represent the upper and lower bound values of the specimens tested. See Fig. 2.3 for an 
example of five test curves with the average curve and error bars included for the fine 
grain OA/mm case. The true stress-strain curves represented were cropped to consistent 
initial stress values due to the difficulty of creating specimens with parallel surfaces at 
this size scale. The specimens were pre-loaded with approximately lOMPa of pressure to 
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Figure 2.3: Experimental and Averaged Curves for the 1mm Fine Grain OA/mm2 Case. 
The current densities discussed in this paper represent the initial current density 
prior to deformation. As shown in Figure 2.4, the current density decreases with 
increasing strain due to the change in cross-sectional area during compression. The 
current density decreases to approximately 50% of the initial current density when a 
strain value of 0.8 is achieved. 
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Figure 2.4: Reduction in Current Density with Increasing Strain. 
Experimental Results 
The effect of current density for 2mm specimens with both fine and medium grain 
sizes is shown in Fig. 2.5. The applied current density produced approximately a 50MPa 
reduction in the flow stress for both the fine and medium grain cases. The effects of the 
EAF process for the 1mm and 0.5mm fine grain size specimens with current densities 
varying from OA/mm2 to 250A/mm2 are shown in Figs. 2.6 and 2.7 respectively. It was 
observed that with increasing current density the flow stresses continually decreased. The 
lmm fine grain case had an approximate reduction of lOOMPa (-30%) and the 0.5mm 
fine grain case had an approximate reduction of 75MPa (-25%) when a current density of 
250A/mm2 was applied. 
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Figure 2.5: 2mm Fine and Medium Grain Cases with Varying Current Density. 
60 - A/mm2 
120-A/mm2 
200 - A/mm2 
250 - A/mm2 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 
True Strain 
































— 250 -A/mm2 
0.1 0.2 0.3 0.4 0.5 0.6 
True Strain 
0.7 0.8 
Figure 2.7: 0.5mm Fine Grain Case with Varying Current Density. 
For the medium grain case, the 1mm and 0.5mm specimens had similar results 
and are shown in Figs. 2.8 and 2.9 respectively. The 1mm medium grain case showed a 
similar trend as the fine grain case with respect to the decrease in flow stress with an 
increase in current density. However, a significant reduction in flow stress was observed 
when the current was increased from 60A/mm to 120A/mm . A similar effect at these 
current densities was also observed for the 0.5mm medium grain size specimens. This 
may represent a threshold energy value that enables dislocation motion through barriers 
such as grain boundaries and will be described further in the discussion section. 
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Figure 2.8: 1mm Medium Grain Case with Varying Current Density. 
Figure 2.9: 0.5mm Medium Grain Case with Varying Current Density. 
17 
For the 1mm coarse grain case (see Fig. 2.10), an increase in current density 
resulted in a decrease in flow stress and a similar threshold effect as the medium grain 
case was observed. However, the medium grain specimens showed small reductions in 
flow stress and the coarse grain specimens showed less of an effect before and after the 
observed threshold. For the 1mm coarse grain specimens, significant reductions in flow 
stress were observed when the current density was increased from 120A/mm to 
200A/mm2 which is larger than the observed threshold current density for the medium 
grain case. Therefore the threshold may increase with increasing grain size. However, for 
the 0.5mm coarse grain specimens (see Fig. 2.11), significant reductions in flow stress 
were observed when the current density was increased from 60A/mm to 120A/mm . The 





Figure 2.10: 1mm Coarse Grain Case with Varying Current Density. 
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True Strain 
Figure 2.11: 0.5mm Coarse Grain Case with Varying Current Density. 
To further analyze the effects of the process, the reduction in flow stress 
compared to the OA/mm case when applying a current density of 60A/mm at various 
strain values for the 2mm and 1mm specimens are shown in Figs 2.12 and 2.13 
respectively. For the 2mm specimens, the current density had a slightly larger reduction 
in flow stress for the fine grain case than the medium grain case. It was also observed that 
as the strain increased the effect of the current increased. While the actual flow stress 
reduction values are approximately consistent (i.e. ~40-50MPa for the fine grained case), 
the cross-sectional area increases with increasing strain which decreases the current 
density to approximately 50% of the initial current density at a strain of 0.8 (see Fig. 2.4). 
Therefore, at larger strain values where the reductions in flow stress are similar to those 
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Figure 2.12: Reduction in Flow Stress at Various Strains for the 2mm 60A/mm Case 
with Varying Grain Size. 
The 1mm specimens were also observed to follow the same trend for the 
60A/mm case (see Fig. 2.13), i.e. the effect of the current was larger at higher strain 
values. The effect of the current decreased significantly when comparing the fine and 
medium grain cases. However, for the coarse grain specimens no effect of current density 
was observed until larger strains were applied. The proposed cause of these effects will 
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Figure 2.13: Reduction in Flow Stress at Various Strains for the 1mm 60A/mm Case 
with Varying Grain Size. 
To further investigate the effect of grain size, the reduction in flow stress 
compared to the OA/mm case for the 1mm specimens with various grain sizes when 
250A/mm was applied is represented in Fig. 2.14. It was observed that the 250A/mm 
case showed a similar trend as the 60A/mm2 with similar flow stress reductions at higher 
strain values despite reductions in the actual current density and larger flow stress 
reductions for the fine grain specimens than the medium grain specimens. However, it 
was observed that for the coarse grain case the current did have an effect but not nearly as 
significant as the medium or fine grain size case. Thus, with increasing grain size, the 
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Figure 2.14: Reduction in Flow Stress at Various Strains for the 1mm 250A/mmi Case 
with Varying Grain Size. 
As mentioned previously, increased data scatter is a concern with miniaturization. 
Due to the improved formability during the EAF process, data scatter may be reduced 
which would be beneficial. To investigate this possibility, the magnitude of the data 
scatter (i.e. error bar range) for the 1mm OA/mm case with varying grain size at various 
strains is shown in Fig. 2.15. The magnitude of the data scatter for the fine, medium, and 
coarse grain cases ranged from 20-22MPa, 12-40MPa, and 22-4 IMPa respectively for the 
various strain values. The magnitude of the data scatter for the 1mm 60A/mm case, 
which showed limited formability improvements, was also investigated (see Fig. 2.16). 
For this current density, the data scatter magnitude for the fine, medium, and coarse grain 
22 
cases ranged from 21-28MPa, 12-44MPa, and 44-56MPa respectively for the various 
strain values. For the fine and medium grain cases, these values are similar to the 1mm 
OA/mm case; therefore no improvement in data scatter was observed when a current 
density of 60A/mm2 was applied. However, for the coarse grain case, increased data 
scatter was observed when a current density of 60A/mm was applied, which can occur at 
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Figure 2.15: Data Scatter Magnitude at Various Strains for the 1mm OA/mm2 Case with 
Varying Grain Size. 
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Figure 2.16: Data Scatter Magnitude at Various Strains for the 1mm 60A/mm Case with 
Varying Grain Size. 
Since higher current densities produced larger reductions in the flow stress, the 
magnitude of the data scatter for the 200A/mm was also investigated (see Fig. 2.17). For 
the fine and medium grain cases, the data scatter ranged from 22-29MPa and 17-38MPa 
respectively, similar to the values for the OA/mm and 60A/mm cases. However, for the 
coarse grain case, the magnitude of data scatter ranged from 14-37MPa, which is smaller 
than those for the OA/mm and 60A/mm cases. Thus, larger current densities may lead 
to reduced data scatter for coarse grained specimens. See Table 2.2 for a summary of 
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Figure 2.17: Data Scatter Magnitude at Various Strains for the 1mm 200A/mm2 Case 
with Varying Grain Size. 
Table 2.2: Data Scatter Magnitude with Varying Grain Size and Current Density. 


















Furthermore, the effects of EAF on the microstructure were investigated for the 
deformed 1mm coarse grain specimens. Micrographs are shown in Fig. 2.18 which 
represent different specimens for the 0A/mm2 case (see Figs. 2.18(a) and (b)) and the 
250A/mm2 case (see Figs. 2.18(c) and (d)). Knoop hardness tests were also performed on 
deformed 1mm coarse grain specimens with a lOg load. Sample hardness indents are 























indents for the OA/mm and 250A/mm cases were 126HK and 134HK respectively and 
the error range for the measurements is approximately ±3HK. Thus, no significant 
changes in the microstructure, based on Fig. 2.18 and hardness values, were observed 
when electrical current was applied. However, the specimens presented in Figs 2.18 and 
2.19 may have been deformed to different strains and there is the possibility that the 
subgrains are visible. Thus, there is inconclusive evidence regarding the change in 
microstructure. This will be discussed further in Chapter VI. 
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Figure 2.18: Micrographs of Deformed 1mm Coarse Grain Specimens. Two specimens 
for the OA/mm Case are Shown in (a) and (b), and Two Specimens for the 250A/mm 
Case are Shown in (c) and (d). 
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Figure 2.19: Micrographs and Hardness Measurements of Deformed Coarse Grain 
Specimens with Current Densities of (a) OA/mm and (b) 250A/mm . 
Discussion 
Past theories propose that the applied current aids dislocation motion. This is 
based on two principles. First, the change in energy around impurities, due to the 
electrons colliding and scattering, causes a localized increase in the rate of diffusion and 
energy state of the material [28]. During plastic deformation dislocations will maneuver 
to lower their strain energies by associating with the non-uniform strain fields around 
impurities. However, if the energy associated with the impurities is increased, 
dislocations will move past the impurities and continue their motion. Second, the 
electrical current acts as a force on the dislocations caused by the electron wind, which is 
the force that is applied by the electrons scattering off obstacles in its path [29]. This acts 
as an external force on the dislocations and aids dislocation motion. 
The results for the fine grain cases are in agreement with this theory as a 
consistent decrease in flow stress was observed with increasing current density. With 
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increasing deformation, more dislocations are generated and thus the current has more of 
an effect. For the 1mm 60A/mm2 coarse grain case, the flow stress reduction effect was 
only observed at larger strains when the dislocation density increases (see Fig. 2.13). 
Also note that data scatter is larger for the coarse grain case. This may be a result of the 
grain orientations being sometimes favorably and sometimes unfavorably oriented with 
respect to the deformation direction. This effect is typically observed at the microscale 
leading to large data scatter. The variation in dislocation density for the EAF process 
caused by the grain orientation also affects data scatter. These inconsistencies were so 
significant at a strain of 0.8 that the coarse grained specimens show a larger reduction in 
flow stress than the medium grained specimens (see Fig.2.13). Alternatively, for the 
250A/mm cases (see Fig. 2.14), consistent error bars for the various grain sizes were 
observed which is beneficial at the microscale. 
As the grain size increases, grain boundary surface are decreases and more 
dislocation pileups are at the boundaries [28]. This may cause the threshold effect as a 
larger current density may be required to aid the motion of the dislocation pileups at grain 
boundaries. With less grain boundary surface area (i.e. larger grain sizes), there are less 
opportunities for the current to have an effect and a certain amount of current may be 
necessary to provide sufficient force to aid the motion of dislocations at the boundaries. 
This threshold was observed to increase with increasing grain size for the 1mm medium 
and coarse grain cases. 
The material used in this research was pure copper (CI01), which has few 
impurities and was annealed to remove the effects of cold work. Therefore, a low 
dislocation density was present in the material providing few opportunities for the current 
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to aid dislocation motion. The EAF process will have a more significant flow stress 
reduction effect on other alloys with more impurities, larger dislocation densities, or that 
have been cold worked which will be demonstrated in Chapter IV. 
Although the mechanisms behind the EAF process are not fully understood, the 
results presented in this chapter provide further insight regarding the effect of grain size 
on the process. Past research has shown that increasing the cold work increases the flow 
stress reduction effect of the current, but the extent to which cold work has an effect is 
unknown. Thus, to further investigate the process, specimens having the same grain size 
with different amounts of prior cold work, which are created using an Equal Channel 
Angular Extrusion process (discussed in Chapter III), will be analyzed and discussed in 
Chapter IV. 
During the process, a maximum temperature of 280°C was achieved for the 
highest current density of 250A/mm2 which is well below the hot working temperature 
for pure copper of 760°C. Therefore it can be assumed that resistive heating was not the 
cause of the reduced flow stresses during the process. Perkins et. al. [19] performed a 
finite element analyses to determine a transient temperature response during testing for 
Titanium (6A1-4V) and a corresponding isothermal test which showed the effects of the 
EAF process to significantly exceed that which can be explained through resistive 
heating. However, for pure copper recrystallization may be possible but cannot be 
verified without further testing. Preliminary calculations for extreme cases of no heat loss 
occurring with all power leading to heating the material and ideal conduction with 
specimen ends remaining at room temperature are available in Appendix B. 
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Conclusion 
Applying an electrical current during axi-symmetric compression tests with pure 
copper (C101) specimens was shown to reduce flow stresses. It was observed that as 
grain size increases the flow stress reduction effect decreases. With increasing grain sizes 
for the 1mm medium and coarse grain cases, the threshold energy required to provide 
significant reductions was observed to increase. It was also observed that at larger strains, 
when considering that a smaller current density is being applied, the effect of the current 
increases with increasing cold work. This is in agreement with past theories on the 
physical mechanism which causes flow stress reductions. Also, with miniaturization (i.e. 
increasing grain size), an increase in data scatter is experienced and with increasing 
current density the data scatter may decrease, which would be beneficial at the 
microscale. Lastly, the evidence regarding microstructural changes was inconclusive. 
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CHAPTER III 
REDUCING GRAIN SIZE AND INCREASING COLD WORK USING EQUAL 
CHANNEL ANGULAR EXTRUSION 
Background 
Size effects, i.e. increased data scatter, variations in material response, shape 
anomalies etc. which occur with miniaturization as the grain size approached the feature 
size, pose problems when forming and modeling the processes. For example, during 
extrusion processes, different grain sizes and orientations can cause variations in the 
material properties and inhomogeneous material flow, which can cause anomalies of the 
final part shape [10, 11, 14]. As shown in Fig. 3.1 when extruding pins with a coarse 
grain material (i.e. a 21 lum grain size), a curvature occurs during the process as a result 
of the material response being more dependant on individual grains. The fine grain case 
(i.e. a 32um grain size) does not show this curving behavior. Therefore, fine grain 
materials can reduce and possibly eliminate size effects typically observed with 
miniaturization. Grain size also plays a major role in dictating many critical properties 
including yield strength, resistance to plastic flow, and electrical conductivity [30, 31]. 
Thus, processes that reduce grain sizes are desirable for microscale applications and it has 
been shown that high strength micro-components can be fabricated by controlling grain-
refinement and texture using processes such as Equal Channel Angular Extrusion 
(ECAE) [32]. 
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Figure 3.1: Samples of Pins Extruded Using a 00.76:0.57 mm Die and Workpieces with 
Grain Sizes of 32um and 21 Ijim [10]. 
Producing fine grain materials can be achieved using processes such as High 
Pressure Torsion (HPT), heat treating, and ECAE. HPT and ECAE produce grains that 
are comparable in size and significantly smaller than those which are obtained from heat 
treatment alone [30]. During HPT, ultra-fine grains can be produced; however, the 
process is typically used for disc shapes and the thickness is limited. Also, 
inhomogeneous grain size regions are formed during HPT [33]. Alternatively, ECAE has 
the ability to produce a more equiaxed and homogeneous grain structure. ECAE was used 
in this research to produce specimens for the EAF axi-symmetric compression 
experiments (demonstrated in Chapter IV) due to its ability to form cylindrical specimens 
with homogeneous grain structures and ease of implementation on available equipment. 
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The ECAE process involves extruding a specimen through an angled channel with 
a constant, circular cross-sectional area multiple times (see Fig. 3.2). The material 
experiences severe plastic shear deformation which reduces the grain size to hundreds of 
nanometers [35] and produces a homogeneous grain-size distribution with grain 
boundaries having high angles of disorientation. Mechanical properties are also improved 
and severe cold work is introduced. Past research has shown that the rate of grain 
refinement depends on the shape of the channel, die angle (<I>), corner radius angle (\|/), 
the number of passes and the processing routine [36-38]. Multiple passes increase the 
level of imposed strain [37], and the processing routine affects the strain distribution, 
which varies mechanical properties such as yield strength, ultimate tensile strength, and 
elongation to failure [38]. Common processing routes are shown in Fig. 3.3. 
Shear Deformation I 
Zone 





Figure 3.2: Schematic of ECAE Deformation [34]. 
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In this chapter, an ECAE process to produce ultra-fine grained copper (CI01) 
specimens is described [40]. The material flow during the process and the change in 
microstructure after each pass was investigated. The process was shown to reduce the 
grain size of a heat treated material significantly and produce a homogeneous grain 
structure. After three passes, a similar grain size compared to the as-received material 
was obtained. The as-received material is soft-temper and therefore the effects of cold 
work have been removed and the specimens produced by the ECAE process have 
experienced severe cold work. Both the as-received and the specimens produced by the 
ECAE process, which have similar grain sizes, were used in the EAF process to 
investigate the effect of cold work. The results of these experiments are presented in 
Chapter IV. 
Experimental Setup 
The 1mm coarse grain material used in the EAF experiments presented in Chapter 
II was also used for the ECAE experiments, (i.e. CI01, commercially pure copper 
(99.99%) that was heat treated to obtain a grain size of 276um (see Table 3.1)). A single 
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split die was designed using precision engineering techniques for obtaining repeatable 
alignment of channels, without over constraining the die halves (see Fig. 3.4). The single 
die contains three channels, for the diameters used in the experiments presented in 
Chapter II (i.e. 02mm, 01mm, and 00.5mm) with each entrance centered on a side. 
However, due to the limited effects of the EAF process on the 2mm specimens and 
difficulties in handling the 0.5mm specimens, only the 1mm channel was used for the 
ECAE experiments. Wl tool steel was chosen for the die due to its high strength and 
machineability. The split die design allowed the channels to be easily machined, the 
extruded specimens to be easily extracted, die wear to be monitored and the channels to 
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Figure 3.4: ECAE Split Die Design (a) Schematic and (b) Picture. 
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The ECAE die was designed to have channel angles (O) of 90° which is optimal 
for developing grain boundaries with high angles of disorientation [37]. The channels 
were machined using ball mill tools and no special tooling was used to create the corner 
to reduce machining time and costs. Thus resulting with a corner radius angle (\|/) of 37°, 
which is relatively close to 28° which has been shown to achieve a more homogeneous 
structure without affecting strain [41]. The specimens were passed through the die 
multiple times following the Be processing route shown in Fig. 3.3, which involves 
rotating the specimen 90° between passes and is optimal for grain refinement [36] and 
producing equiaxed grains having high angles of disorientation [37]. 
The experimental setup includes the SEM loading stage with LVDT and load cell 
to monitor displacement and force respectively, as specified in Chapter II (see Fig. 3.5). 
The split die is placed in the die holder mounted to the lower platen of the SEM loading 
stage and a bolt is tightened to apply pressure to the die halves, which constrains the die 
and prevents flash, i.e., the flow of material between the two die halves. M2/M7 high-
speed tool steel drill blanks with diameters of 0.93mm (0.036in.) were used for the 
punch. These were mounted in the punch holder attached to the upper platen of the SEM 
loading stage. A 0.035mm radial gap was intentionally included between the punch and 
channel diameters to prevent friction and punch failure. See Appendix A for engineering 
drawings of tooling. 
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Figure 3.5: ECAE Experimental Setup. 
Experimental Results 
To investigate the material flow during ECAE, a 1mm coarse grain specimen was 
extruded and the test was stopped halfway through the process (see Figure 3.6). It was 
observed that the material experienced severe shear deformation at the 90° channel angle, 
which reduced the grain size significantly. After one pass the grain structure was not 
homogeneous, with regions of fine grains at the inner corner of the 90° channel angle as 
well as regions with significantly larger grains at the outer corner. Flash occurred along 
the edges of the channel and a backwards-can effect due to the gap between the punch 
and die channel was also experienced. Deformation not only occurred in the area where 
the channels intersect but where the punch contacted the specimen. Also, a dead material 
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zone (i.e. where material is stationary and does not move) occurred in the far outer corner 
of the intersecting channels and a bowing effect was observed where the material exits 
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Figure 3.6: 1mm Coarse Grain Specimen Partially Extruded by ECAE During the Initial 
Pass. 
The 1mm coarse grain material was passed through the ECAE die up to four times 
(see Fig. 3.7) and with each pass the grain size significantly reduced and a more 
homogeneous structure formed. The average grain size was determined in accordance to 
the ASTM El 12 standard procedures [27] for one specimen. The grain size information 
with respect to each pass is shown in Table 3.1. The most significant grain size reduction 
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was observed to be after the initial pass, which reduced the grain size from approximately 
276um to 68(xm. Specimens passed through the ECAE die four times had grain sizes 
below 2.8 urn. After the fourth pass, the grain size was slightly smaller than the limit 
which can be calculated using the ASTM standard method (i.e. 2.8um). The grain size 
after three passes was 7.0um, which is comparable to the as-received soft-temper 
material (6.79um). However the specimens that are passed through the ECAE die three 
times experienced severe cold work and the as-received material is soft-temper and thus, 
the effects of cold work have been removed. Both, ECAE and as-received specimens 
with approximate grain sizes of 7um were formed using the EAF process to investigate 
the effects of cold work on the process. The results of these experiments will be presented 
in Chapter IV. 
Table 3.1: ECAE and As-Received Specimen Grain Size Information. 
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Figure 3.7: Micrographs of the 1mm Coarse Grain Specimens Extruded Through the 
ECAE Process After (a) One, (b) Two, (c) Three, and (d) Four Passes. 
ECAE using the 1mm coarse grain specimens was performed following the Be 
route for three passes to produce ultra-fine grained specimens with a similar averaged 
grain size as the as-received material. Due to misalignment, multiple punches fractured 
during several extrusions and were replaced to finish the procedure. No specimens were 
successfully extruded for all three passes without punches fracturing which prevented the 
force-displacement data for the ECAE process from being analyzed. Six ultra-fine 
grained specimens were produced before the die was damaged and therefore no further 
40 
extrusions were performed. Improvements for a 2n generation ECAE setup will be 
discussed in Chapter VI. 
Conclusion 
The ECAE process introduced severe cold work, significantly reduced the grain 
sizes, and formed a more homogeneous grain structure. Fine grained specimens produced 
by the ECAE process that have been severely cold worked with a similar grain size as the 
as-received material were produced. The ECAE die was damaged during the experiments 
and therefore limited specimens were acquired to use in the EAF process to investigate 
the effects of cold work. 
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CHAPTER IV 
THE EFFECT OF COLD WORK AND TIMING OF APPLIED CURRENT DURING 
ELECTRICAL-ASSISTED FORMING 
Background 
To investigate the effect of cold work during the EAF process, a similar grain size 
was targeted for 1mm diameter specimens produced by the ECAE process compared to 
the as-received specimens but with larger prior cold work. Axi-symmetric compression 
experiments with both the as-received material and the ECAE processed material were 
conducted for various current densities. The effect of applying the current after the 
material has been partially deformed was also investigated. 
The results show that the flow stress reduction effect of the current increases with 
increasing current density and the reduction is significantly larger for the specimens with 
more prior cold work. Also, when applying the current after the specimen has been 
partially deformed, a reduction in flow stress occurs but not as significant as the 
reduction at the same strain value when the current is applied throughout the experiment. 
Experimental Results 
The same set-up for the EAF process described in Chapter II was used for these 
experiments. The flow stress reduction effect of the EAF process for the 1mm as-received 
case with varying current density is shown in Fig. 4.1. Five tests were conducted for each 
42 
current density case and the average plots are presented with error bars representing the 
upper and lower stress values of the specimens tested. The reduction in flow stress 
increased with increasing current density, which resulted in approximately 100-150MPa 
reductions for the 250A/mm case in comparison to the OA/mm case. 
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Figure 4.1: 1mm As-Received Case with Varying Current Density. 
To further demonstrate the increasing reductions in flow stress with decreasing 
grain size, the reduction in flow stress for the 1mm as-received 250A/mm case is 
compared to the 1mm fine, medium and coarse grain 250A/mm cases (presented in 
Chapter II) at various strain values (see Fig. 4.2). Larger reductions in flow stress were 
observed for the as-received material with a grain size of 7 urn compared to the fine grain 
case (21 urn). This further verifies that the flow stress reduction effect during the EAF 
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Figure 4.2: Reduction in Flow Stress at Various Strains for the 1mm 250A/mm As-
Received Case in Comparison with the 1mm 250A/mm Fine, Medium, and Coarse Grain 
Cases Presented in Chapter II. 
The effect of the EAF process for the specimens with more prior cold work* 
which were produced by the ECAE process, for current densities of OA/mm and 
250A/mm2 is shown in Fig. 4.3. The curves represented are the average of three 
experiments for each current density case and the error bars represent the upper and lower 
stress values. It was observed that the flow stress decreased significantly, approximately 
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Figure 4.3: lmm ECAE 0A/mm and250A/mm Cases. 
To further investigate the effect of cold work on the EAF process, the reductions 
in flow stress from the OA/mm2 case at various strains for the lmm as-received and 
ECAE produced specimens when a current density of 250A/mm is applied is shown in 
Fig. 4.4. The effect of the process for the ECAE specimens with more prior cold work 
was observed to be approximately 65-109MPa larger than the as-received specimens 
which have been annealed to remove the effects of cold work. At a true strain of 0.8, the 
flow stress reduction for the as-received and ECAE specimen cases are 115MPa and 
224MPa respectively, which is approximately a 95% increase in flow stress reduction. 
Again, it was observed that with increasing strain the flow stress reduction effect of the 
process increased, as discussed in Chapter II when considering the current density is 
decreasing with increasing strain as a result of the cross-sectional area increasing during 
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compression. The ECAE specimens have a larger reduction in flow stress as a result of 
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Figure 4.4: Reduction in Flow Stress at Various Strains for the 1mm 250A/mm As-
Received and ECAE Specimen Cases. 
The effect of the process when the current is applied after the specimen was 
compressed a certain amount is shown in Fig. 4.5. It was observed that the instantaneous 
reduction in flow stress from the OA/mm curve when a current density of 250A/mm was 
applied at a strain of 0.34 was approximately 60MPa. If the temperature due to resistive 
heating increases instantaneously when the current is applied, thermal expansion would 
occur and the stress would increase significantly (see Appendix C for calculations). 
However, the flow stress was reduced but not as significantly as the approximate 130MPa 
reduction in flow stress at the same strain value when 250A/mm2 was applied throughout 
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the entire experiment. The cause of this may be the varying dislocation densities that are 
generated in the OA/mm and 250A/mm cases up to the 0.34 strain value. The current 
has been proposed to aid dislocation generation [19, 28]. If the generation of dislocations 
is aided by the current up to a strain of 0.34, then fewer dislocations were generated for 
the OA/mm2 case. When the current was applied at a strain of 0.34 for the OA/mm2 case, 
fewer dislocations may have caused the less significant reduction in flow stress. Also, 
when the current was applied at a strain value of 0.34, the flow stress was observed to 
continually decrease with increasing strain and converge to the flow stress values for the 
250A/mm2 case where the current was applied throughout the test. 
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Figure 4.5: lmm As-Received OA/mm and250A/mm Cases and A Representative 
Curve for a lmm As-Received Case when 250A/mm2 was Applied at Strain of 0.34. 
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Conclusion 
The specimens produced by the ECAE process experienced severe cold work and 
had a similar grain size as the as-received material. The flow stress reduction effect of the 
EAF process was shown to increase significantly with increasing prior cold work. Also, 
the effect of the process when the current was applied after deformation occurred was 
shown to be less significant at equivalent strains when compared to the case where 




In this thesis, axi-symmetrical compression experiments were performed to 
investigate the viability of the Electrical-Assisted Forming (EAF) process at the 
microscale and to assess the effects of grain size, specimen size, cold work, and the 
timing of applied current on the process. An Equal Channel Angular Extrusion (ECAE) 
process was used to generate specimens with increased cold work and used for the EAF 
process. 
The flow stress reduction effect of the EAF process decreased with increasing 
grain size and was observed regardless of specimen size. A consistent reduction in flow 
stress effect with increasing current density was observed for the 1mm fine grain case, 
and an increasing effect with increasing strain was also observed. However, as the grain 
size approached the feature size a threshold was exhibited, requiring a certain current 
density for a significant reduction in flow stress to occur. The threshold current density 
was observed to increase with increasing grain size for the 1mm medium and coarse grain 
cases. With miniaturization, as the grain size increases data scatter increases due to size 
effects. During the EAF process with increasing current density, the data scatter was 
observed to decrease; thus EAF may improve the repeatability/accuracy of the process at 
the microscale. 
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An ECAE process was used to reduce the grain size of heat treated coarse grain 
specimens significantly. A more homogeneous microstructure was created as the number 
of passes increased. However, due to misalignment, the punches fractured and were 
replaced numerous times throughout the experiments. Thus, no complete force-
displacement data was recorded to investigate size effects during miniaturization of the 
ECAE process. Also, the die channel was damaged after successfully extruding six 
specimens; therefore, further extrusions were not performed. 
The specimens produced by ECAE had more prior cold work but similar grain 
size as the annealed as-received specimens. Larger reductions in flow stress were 
observed for the ECAE specimens during the EAF process. Thus, with an increase in cold 
work, the flow stress reduction effect increases. During the EAF process, when applying 
an electrical current after the specimen was partially deformed to equivalent strains, a 
lower flow stress reduction was observed compared to the case when the current is 
applied throughout the experiment. However, after the initial reduction, the flow stress 
continually decreased with increasing strain and approached the flow stress values for the 
case when current was applied throughout the experiment. 
This research provided further knowledge related to reductions in flow stress due 
to applied current. Furthermore, the EAF process was shown to improve formability, 
especially for fine grain specimens with more prior cold work, regardless of specimen 





• A 2n generation ECAE die can be fabricated to investigate size effects during the 
process. A single die for each channel diameter would allow for a smaller die size to 
be used and thus, longer specimens to be extruded due to the limited space between 
the upper and lower mounts on the loading stage. The die holder should also be 
redesigned with tighter tolerance to improve alignment. 
• EAF experimental setup could be improved by using an extensometer which would 
eliminate the need to account for the compliance of the system, which would provide 
more accurate displacement data, allowing for the effect of the process on yield stress 
to be determined. 
• Investigating the EAF process and the effects of power (not current density) and 
change in the materials electrical conductivity to compare the effects of the process 
would provide further knowledge of the physical mechanisms behind the EAF 
process. 
• Further microhardness testing and micrographs could be performed to verify 
recrystallization does not occur during the process. 
• Investigating the flow stress reduction effect of the EAF process for different pure 
metals as well as alloys would provide a better understanding of the process. 
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• Investigating the magnitude of the flow stress reduction effect of the electron wind 
and comparing it with the total flow stress reductions observed would verify this 
theory. Also, this may further explain the threshold effect observed. 
• Measuring dislocation density would provide further knowledge regarding the flow 
stress reduction effect observed when current was applied later in the process. 
• Measuring the energy required for the process, both electrical and mechanical, would 
assess the environmental benefits of EAF. 
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HEAT TRANSFER CALCULATIONS 
The general energy conservation equation for unsteady conduction in a body with internal 
heat generation and variable conductivity is [42]: 
P
 dt dx 
k— 








The thermal inertia is equal to the summation of longitudinal conduction in each direction 
and the volumetric rate of internal heat generation ($) where p is the density, Cp is the 
specific heat coefficient, k is the thermal conductivity coefficient, T is temperature and t 




Figure B.l: Coordinate System for the Energy Conservation Calculations. 
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Assuming steady state conduction and that conduction only occurs in the z-direction eqn. 
B.l is reduced to 
*&-J = -* (B-2) dz 




where V is voltage, I is current, A is cross-sectional area, and L is length. With 
simplification: 
d2T VI 
dz2 ML (B.4) 
The boundary conditions are 
z = - , T = To (B.5) 
2 
z = - - , T = To 
where To is the initial temperature. Thus, solving the differential equation the 
temperature is represented as follows. 
74 
T = To + VIL Vi 
SkA 2kAL (B.6) 
The system parameter values are V=0.120mV, I=200A, A=0.785mm , L=1.5mm, 
To=20°C and the material parameter k=398W/m-K [43]. The temperature distribution in 
the z-direction is shown in Fig. D.2 where the maximum temperature is 34.4°C at z=0. 
0.1 0.2 0.3 0.4 0.5 0.6 
Longitudinal/z-direction location (mm) 
0.7 
Figure B.2: Temperature vs z-direction location from 0 to L/2. 
When considering no heat loss occurs and that the total power input is generated into 
heat, the heat generation is represented as 






m = pAL (B.8) 





The system parameter values are V=0.120mV, I=200A, A=0.785mm2, L=1.5mm, 
To=20°C and the material parameters for pure copper are /?=.8.96g/cm3 and Cp=0.385 
J/g-°C [43]. Therefore, assuming the power input is directly turned into heat with no 
losses after 30s, which is the approximate time duration of an EAF compression 
experiment, the specimen temperature calculated was 1.769*105 °C. 
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APPENDIX C 
THERMAL EXPANSION CALCULATIONS 
The increase in stress due to thermal expansion is determined as follows [42], 
e = aAT (C.l) 
Ao- = eE (C.2) 
where e is engineering strain, a is the coefficient of thermal expansion, AT is the change 
in temperature, E is the modulus of elasticity, and Ao is the change in stress due to 
thermal expansion. Where the material property a is 16.4*106/°C and E is llOGPa [43] 





%This program computes the true stress and true strain data from the .raw 
%data for a compression experiment using the SEM Loading stage 
% -Force <N) 
% -Displacement (mm) 
% Inputs 
% -Datafile name 
% -Which load cell was used 
% -Datafile location 
% -Radius of specimen 
% -Length of specimen 
% -Compliance datafile name 
% -Compliance datafile location 
% -Allows user to choose if the data should be written to a file 
% -Output file name 
% -Output sheet name 
% -Output file location 
% Outputs 
% -True stress data 




% PROGRAM BEGINS 
% input Parameters 
Or * "* A" -k * * * + * * * *• 4r A * * * 
%Data file name and location 
datafile_location='C:\EAF_Re3uls\lmm\FineGrains\0Ainm2\' ; 
dataf ile_name= ' lmm FG__0Amm2 1. x l s *; 
$Enter load cell used 
% e.g. loadcell=500; (for the 500LB load cell 
% e.g. loadcell=100C; (for the 1000LB load cell 
loadcell=500; 




%Output file name and location 
78 
output_filename=' lmm_FG_0Airati2_Results.x.ls'; 





%If you would like to write the results to a file set writetofile to 
% -y(yes) or n(nc) 
writetofile='y'; 
% Correcting data for the compliance of the system 
?-: * * * * * * * "*.- k * *• * * * * :*- * * * * •*: *' * *: * ir * * *r * * *• * * * * * * * * * * * * i: k * * * V-
%Reading in raw data {Force {N; , Displacement {mm)} 
expdata=xlsread([datafile_location,datafile_name]); 
%Reading in compliance data (Force (N. Displacement (mm)) 
compliance=xlsread([compliance_filelocation,compliance_filename],... 
compliance_sheetname); 
%Determining the number rows in the raw data file 
temp=size(expdata); 
length=temp(l,l); 
%Determining if thed force data exceeds the max compliance force data 
% -If it does the data will be cropped at the same force value as the max 
% force value for the compliance data 







%Rounding the force data to the nearest digit {Ni because the compliance 
%data is rounded to the nearest N. So that the force values can be matched 
%up and the displacement data corrected 
% Note: For the 1000LB load cell the data was rounded to the nearest (N) 
% and for the 500LB load cell it was rounded to the nearist {x.x B) 
% single decimal 
% -This reduced the computation time significantly. 






disp (' Inproper Load cell, command'); 
end 
force(: , l)=fix((expdata(1:endrow,3)-expdata(1,3))*x+0.5)/x; 
displacement(:,1)=expdata(1:endrow,2)-expdata(1,2) ; 
%Determining the size of the displacement data 
temp=size(displacement(:,1)); 
length=temp(l,l); 




•iMatches up the experimental force data with that of the compliance and 









%Cropping the data 
% Figure 2 plots force vs. displacement for the: 
% -Raw data 
% -Corrected data 
% -Compliance data 
figure (2) 
hold on 




ylabelC force') ; 
title('cropped experimental data'); 
legend('cropped data','compliance'); 
%Determining the shift of the displacrrent curve 
% -Crops the data to zero 
shift=input('Input the displacement shift => ' ) ; 
%Calculating stress and strain 






%Figure 3 Plots true stress vs. true strain 
figure (3) 
hold on 
plot(truestrain(:,1),truestress (:, 1),'k'); 
xlabel('true strain'); 
ylabel('true stress MPa'); 
title('1mm true stress vs true strain'); 
%Writes stress and strain data to an excel file 
file_output=[output_filelocation,output_filename]; 
IWritting the resulting stress strain data to an excel file 
switch writetofile 
case 'y' 





disp('The stress £ Strain data was successfully recorded'); 
case 'n' 
disp(*The stress & strain data was not written to a file'); 
otherwise 
disp('Improper command, data was not recorded'); 
end 
% PROGRAM COMPLETE 
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%This program computes the averages of five true stress true strain data % 
•^curves and writes the averaged data and the upper and lower bound stress* 
%data to a file. % 
each uataset in the datafii 
% Inputs 
% -Datafile name 
% -Each Sheetname fc 
% -Datafile location 
% -Allows user to choose if the data should be wrj 
% -Output file name 
% -Output sheet name 
% -Output file location 
tten to a file 
Outputs 
-Averaged true stress data (MPa) 
-Upper bound true stress data (MPa) 
-Lower bound true stress data (MPa) 




% PROGRAM BEGINS 
; INPUT PARAMETERS 
% Input file name, location and sheet names 
filename='lmm FG 0Arom2_Resuits.xls*; 




sheetname_4= * S4' 
sheetname 5='S5! 
%If you would like to write the results to a file set writetofile 
% -y(yes) or n(no) 
writetofile='n' ; 
%Output file name, location and sheet name 
file_output='1mm Averaged_Results'; 
f i le_output_sheet= ' FG_0Amtn2 ' ; 
file_output_location='C:\Documants and Se t t ingsV iranFineGrains\0Amm2\'; 
feReads in data 





S 05=xlsread([file location,filename],sheetname 5); 
^Cropping the data 
£ * *- * +• *• -V * * * * -x *• * * k -k * 
^Calculating the largest strain value of all the curves that are being 
%averaged so all data after that minimum largerst strain will be cropped 
%so an average can be taken. 
end strain=min([max(S 01(:,1)),max(S 02(:,1)),max(S 03(:,!)),... 
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max(S_04 (:,1) ) ,max(S_05(:,1) ) ] ) ; 
datapoints=(end_strain)*x; 
%?ransforming the data to have the same strain values with the same number 
%of decimal places by interpolating between datapoints to find the 
^corresponding strain and force values 
% -x is used to control the number of decimal places held 
% e.g. x=1000 for x.xxx 







%Determining the Average curves with the upper and lower values at each 
^corresponding strain value 'which are used as error bars 








lowerbar(i,1)=ave_stress(i,1)-min([stressl (i,1),stress2 (i,1), . . . 
stress3(i,1),stress4(i,1),stress5(i,1)]); %#ok<AGROw> 
end 
%Plotting the results 
<-: * -k k k k k k k k -k k k k k k k k k k k 
%Detenn.ines how often error bars are shown in Figure 2 
% interval -0.2 so error bars will be shown in intervals of 0.2 until the 









BARupperbar(i,1)=upperbar(row, 1); %#ok<AGROS> 
BARlowerbar(i,1)=lowerbar(row,1); *#ok<AGROR> 
end 
%Figure 2 plots the averaged true stress vs. true strain curve with the 





BARupperbar(:,1), 'b. ' ); 
%Figure 3 plots all the curves with the averaged curve and error bars (same 
%as Fig. 2} 
figure(3) 
hold on 
plot(S_01(:,l),S_01(:,2) , *k') ; 







BARupperbar(:, 1) , ' b. ' ) ; 
axis( [0 1.3 0 450]) 
%Writting the results to an excel file. 
':•. k k * * * * k -k k * k k k k k k k * k k -k -k k k k k k k -k * k k k k k k -k k 
switch writetofile 
case 'y' 
s=[{'Strain','Average Stress', 'Upper Bound','Lower Bound',... 
file_location}]; 
xlswrite([file_output_location,file_output],s,... 
file_output_sheet, 'Ai') ; 
xlswrite([file_output_location,file_output] , strain(:, 1) , ... 
file_output_sheet,' A2') ; 







disp('The stress & strain data was not written to a. file'); 
otherwise 
disp('Improper command, data was not recorded'); 
end 
% PROGRAM COMPLETE 
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%This function interpolats the stress and strain data so that the averages 






if (strainx>=temp_data(j,1) && strainx<=temp_data(j+1,1)) 
yl=temp_data(j,2); 
y2=temp_data(j+1,2); 
xl=temp_data(j,1); 
x2=temp_data(j +1,1); 
strain(i,1)=strainx; %#ok<AGROW> 
stress(i,l)=yl-((xl-strainx)/(xl-x2))*(yl-y2); %#ok<AGROW> 
break 
end 
end 
end 
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